with 56, 29 and 15% having stages 1, 2 and 3 AKI, respectively. We matched these to 130 controls. In this nested casecontrol study, independent AKI risk factors were vancomycin coadministration, high AG trough levels and heart failure. AG-AKI compared to AG exposure without AKI was associated with greater mortality. Renal recovery occurred in 51% of the AKI patients and was less likely with heart failure and higher AKI severity. Conclusion: AG administration has recently decreased but the risk of AKI remained unchanged and half of the patients did not recover. Vancomycin coadministration, high AG trough levels and heart failure independently predicted AKI.
nephrotoxic AKI [6] [7] [8] . These antibiotics are currently most often used to treat some endocarditis or multidrug resistant infections, and they accumulate in proximal tubular cells where they disrupt phospholipid metabolism, leading to tubular epithelial cell death and acute tubular necrosis [9, 10] . Associated renal vasoconstriction and mesangial contraction also contribute to impair kidney function [7] . Consequently, the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) AKI guidelines recommend avoiding AG in patients at risk of or with AKI, unless no suitable, less nephrotoxic therapeutic alternatives are available.
Due to increasing rates of multidrug resistant infections, AGs are still prescribed and their frequency of administration needs to be better delineated. In addition, the side effects associated with the prescription of alternative antibiotic agents need to be balanced against those associated with AG. A recent multicenter study reported a sharp decline in AG use over the last decade and a parallel increase in quinolone prescription, which was associated with greater gram-negative bacilli resistance to quinolone [11] . The use of quinolone has also clearly been associated with Clostridium difficile -associated diarrhea [12] . Similarly, with a higher utilization of broad spectrum ß-lactams, the rates of multidrug resistant infections and Clostridium difficile -associated diarrhea have also increased [13] [14] [15] .
Gentamicin and tobramycin are the most commonly used AG, with amikacin typically reserved for complex and multiresistant infections [6, 11, 16] . Typically, nonoliguric AKI occurs after 5 days of treatment [6, 8, 13] , and the incidence of AG-induced AKI varies between 5 and 25% depending on the definition employed [7, 9, [17] [18] [19] [20] [21] . Reported risk factors associated with AKI include older age, CKD, liver disease, diabetes, hypotension, hypoalbuminemia, concomitant nephrotoxic drugs, administration of iodinated contrast, duration of therapy, high through and peak levels, cumulative dose and multipledaily administration [7-10, 17, 20-24] . Few studies have simultaneously addressed these risk factors in multivariate analyses [8, [20] [21] [22] 24] , and most were performed over a decade ago. Their findings may not apply to current practice.
Over the last years, increasing attention has been given to renal outcomes following AKI [25] [26] [27] . Limited clinical data exists on renal recovery from AG-AKI [17, 21, 28] . Although irreversible kidney damage seemed uncommon in animals [29] , an absence of renal recovery has been observed in humans [17, 28] even after a single dose [10] . Clinical predictors of renal recovery following AG-AKI remain unknown.
In light of changing trends in antibiotic use, complications and resistance to quinolone and broad spectrum β-lactams and costs of newer drugs, AG will remain a valuable therapeutic option for some patients. Identifying the current risk factors of AG-associated nephrotoxic AKI and renal recovery are essential to lessen the burden of AG-AKI and its associated complications. We sought to determine the risk factors of AG-AKI and absence of renal recovery in patients treated with AG in 2 centers.
Material and Methods

Study Design
We performed a retrospective cohort study at 2 university-affiliated centers (Hôpital du Sacré-Coeur de Montréal [HSCM] and Hôpital Maisonneuve-Rosemont [HMR]) to assess the frequency of gentamicin and tobramycin administration for a minimal period of 5 consecutive days, when the risk of AKI significantly increases [6, 8, 13] . In all identified exposed individuals, we verified whether AKI had developed. We then performed a nested case-control study, pairing AG-AKI cases to 2 controls of same sex and age (±5 years). We followed the STROBE guidelines for case-control studies. Each centers' Ethics Review Board approved the study. Written consent was waived because of the retrospective observational nature of the study.
Patient Selection
We identified patients by assessing all serum gentamicin and tobramycin levels. At HSCM, gentamicin and tobramycin levels were available between April 2001 and March 2015, and at HMR, between December 2005 and April 2013. Screened individuals with at least 2 AG results ≥ 72 h apart and those who received ≥ 5 continuous days of AG were reviewed to identify AKI cases. We excluded individuals who were ≤ 18 years of age, without serum creatinine levels or on dialysis. We also excluded critically ill patients, as well as patients with other causes of AKI (e.g., acute gastroenteritis) suspected by chart review or by one of the investigators (V.B. or F.P.). This process was performed prior to the analyses of the results.
Data Collection
We collected data on demographics and past medical history, including baseline kidney function, diabetes, hypertension, liver disease, heart failure, chronic obstructive pulmonary disease, coronary artery disease, peripheral artery disease and cancer, including the type of cancer. We noted the initial and total dose of gentamicin or tobramycin, timing and frequency of administration, total duration of AG administration and duration prior to AKI, and the highest trough and peak levels, both prior to AKI and over the entire administration period. We also recorded the use of the following drugs over the study period: non-steroidal anti-inflammatory drugs, angiotensin converting enzyme inhibitor or angiotensin receptor blockers, diuretics, acyclovir, calcineurin inhibitors and vancomycin, and highest trough and peak vancomycin levels. We collected data on surgical status, type of infection, administration of iodinated contrast agent, minimal mean arterial pressure during AG exposure and albumin levels during the study period. Outcomes included AKI stages, renal recovery, length of hospital stay and mortality.
Definitions AG-induced AKI was defined by a ≥ 50% increase in serum creatinine occurring after ≥ 5 days of AG initiation until a maximum of 7 days after cessation [8, 30] . This definition is a modification of the Risk, Injury, Failure, Loss and End-stage kidney disease (RI-FLE) serum creatinine AKI diagnosis criterion to include the timing of AG exposure. Glomerular filtration rate was estimated using the CKD epidemiology collaboration equation [31] . Heart failure was defined by a history of acute pulmonary edema or by a left ventricular ejection fraction lower than 50% [32] , and liver disease by the presence of chronic hepatitis, cirrhosis or cholestasis. Patients with AKI were classified according to their most severe stage of AKI using the RIFLE serum creatinine classification [30] . Briefly, stage 1 occurs when creatinine increases by 150-199%, stage 2, when creatinine increases by 200-299%, and stage 3, when creatinine increases by ≥ 300% or ≥ 354 μmol/l with a rise of ≥ 44 μmol/l. We defined renal recovery by a decrease in serum creatinine to a level <150% of baseline creatinine within 21 days after AG cessation [33] .
Statistical Analyses
Continuous variables are presented as mean ± SD or median and interquartile range (IQR) and compared using the t test or the Mann-Whitney U test, as appropriate. Categorical variables are presented as proportions and compared using the χ 2 test. We reported the prescription of AG levels per 1,000 admissions for each center and used the Pearson correlation to address change in the rate of AG prescription over time (trend test).
Within our nested case-control study, we determined whether each variable was associated with AKI and performed a conditional logistic regression [34] to determine independent risk factors of AKI using variables with a p value <0.20 by univariate analysis. We used a conditional forward method of variable entry. For these analyses, we used data on duration of AG use, as well as peak and trough levels before AKI diagnosis only. We considered the same variables to determine factors associated with renal recovery, except that we used the total dose and duration of AG administration, as well as the highest trough and peak levels over the entire follow-up, disregarding the timing of AKI diagnosis. Statistical tests were 2-sided and p values <0.05 was considered significant (SPSS statistics 20.0, IBM, Armonk, N.Y.).
Results
Frequency of AG Administration and Incidence of AKI
We identified 3,220 and 2,297 individuals who received either gentamicin or tobramycin with drug dosing during the study period at HSCM and HMR, respectively. The frequency of AG administration significantly decreased over time ( fig. 1 ). Approximately 10-15% of patients who initially received AG were still on the same medication after 5 days, and this rate remained constant over time ( fig. 1 ). After excluding individuals receiving <4 days of AG, children and critically ill patients on dialysis, there were 562 adults exposed to at least 5 days of AG ( fig. 2 ) , including 65 AKI (12%) attributed to AG administration. The incidence of AKI did not change over time but was slightly higher in one center than the other (HMR: 16%, HSCM: 10%, p = 0.03).
Nested Case-Control Study Population
We then matched these 65 AKI cases to 2 controls of same age and gender ( table 1 ) . Within this nested casecontrol study, the median age was 71 years (IQR 58-81), and 46% were male. Most patients were treated with gentamicin (82%). The median duration of AG administra- Thirty-six out of 65 patients had AG administration stopped at the time of AKI diagnosis. Within those who continue to receive AG, the median duration was 5.0 days (IQR 2.0-11.0) from AKI diagnosis. Maximal trough levels were significantly higher in AKI (levels before AKI diagnosis only) compared to non-AKI patients (2.0 (IQR 1.2-2.7) vs. 1.3 (IQR 0.8-1.9) μg/ml; p < 0.001). The best cut-off point to predict AKI was a trough level of ≥ 2.0 μg/ Data were missing in <1% of records. ACEI = Angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blockers; CAD = coronary artery disease; COPD = chronic obstructive pulmonary disease; GFR = glomerular filtration rate; MAP = mean arterial pressure; NSAIDs = non-steroidal anti-inflammatory drugs; PAD = peripheral artery disease. ml (AUC 0.68 (95% CI 0.60-0.76); sensitivity of 51% and specificity of 80%). AKI patients were also more likely to suffer from heart failure, liver disease and to have received diuretics and vancomycin. However, trough vancomycin levels were similar in patients with and without AKI (p = 0.60). Patients with endocarditis had significantly more AKI (53 vs. 27%, p = 0.001). Tobramycin (over gentamicin) was given to 15% of AKI and 19% of non-AKI patients (p = 0.51). The total dose of gentamicin and tobramycin administered did not differ between AKI and non-AKI patients as the percentage receiving daily doses. There were also no differences in the duration of AG administration before AKI in AKI patients and the total duration of AG in non-AKI patients (11 (IQR 8-15) vs. 10 days (IQR 7-15); p = 0.26).
Independent Risk Factors for AKI
Using conditional logistic regression, the independent risk factors associated with AKI were heart failure, concomitant vancomycin administration and high trough levels ( table 2 ). Liver disease was the fourth independent risk factor with an infinite OR. However, in light of its very low prevalence in this cohort, the interpretation of this result is uncertain. Removing liver disease from the model did not significantly change the results. The prevalence of these independent risk factors did not change over time.
Outcomes and Renal Recovery
The maximal AKI stage was 1 for 56%, 2 for 29% and 3 for 15% of patients. Hospital mortality was higher in AKI patients compared to non-AKI patients (28 vs. 14%, p = 0.02). The hospital length of stay was 34 days (IQR 19-66) in AKI patients compared to 28 (IQR 10-54) in non-AKI patients (p = 0.03).
Only 51% (33 of 65) of all AKI patients recovered their kidney function within 21 days from AG cessation, with a median duration of AKI of 7 days (IQR 4-12). Similarly, 51% of AKI survivors recovered their kidney function after 8 days (IQR 5-13). Patients with a history of heart failure were less likely (14 vs. 60%, p = 0.002), whereas those with cancer (81 vs. 37%, p = 0.002) or those receiving intravenous acyclovir (100 vs. 44%, p = 0.02) were more likely to recover their kidney function. A lower severity of AKI was also associated with renal recovery. Sixty-four, 36 and 0% of patients with stages 1, 2 and 3 AKI, respectively, recovered their kidney function (p = 0.006).
Discussion
AGs are a well-known preventable cause of AKI [6] [7] [8] , which is clearly associated with adverse outcomes in critically and non-critically ill populations [1] [2] [3] [4] [5] . Consequently, the KDIGO AKI guidelines recommended avoiding AG in patients at risk or with AKI, if possible [9] . We found that AG utilization decreased over the last decade, a finding consistent with results from other multicenter studies [11, 35] .
Based on modified RIFLE serum creatinine criteria including the timing of AG administration, and with clinical adjudication of all cases [30] , the incidence of AKI in our cohort was 12%. Of note, our population included patients on at least 5 days of AG and a large proportion of patients (76%) received multiple-daily AG doses. The incidence of AKI in our cohort was lower or similar to previously reported rates with shorter duration of treatment and single-daily AG administration using the same AKI definition (12-24%) [17, 19, 21] .
Our nested case-control study identified heart failure, concomitant use of vancomycin and high trough levels before AKI as independent risk factors of AG-induced AKI. AG-AKI was also associated with a higher morbidity and mortality. To our knowledge, this is the first clinical study to report heart failure as an independent risk factor for AKI associated with AG administration while adjusting for diuretic use and other main risk factors [28, 36] . There is a rationale supporting the association of heart failure and AKI with AG administration, as reduced renal blood flow may aggravate tubular injury related to AG, by limiting oxygen and nutrient availability and facilitating oxidative stress [6, 7, 37] . Liver disease was also The following variables were included in the multivariate model (p < 0.20): heart failure, liver disease, site of infection, vancomycin, diuretic and maximal trough levels before AKI (dichotomized). Liver disease was the fourth independent risk factor with an infinite OR. However, in light of its very low prevalence in this cohort, the interpretation of this result is uncertain. Removing liver disease from the model did not significantly change the results in the table.
Paquette et al. predictive of AKI by univariate analysis but given its very low prevalence in our study, the conditional logistic regression was unable to calculate a specific OR so its independent value would need confirmation. Interestingly, advanced liver disease is also associated with reduced renal blood flow [24] , highlighting the importance of an adequate renal blood flow to limit AG-induced AKI.
Regarding other risk factors of AKI, our results provide further confirmation that concomitant vancomycin [24, 38, 39] and high trough AG levels [8, 17] are independent risk factors of AKI. This last finding is in accordance with the KDIGO AKI guidelines, supporting cautious dosing and therapeutic drug monitoring to reduce the risk of AKI [9] . In our cohort, the optimal cut-off for AG trough level predicting AKI was exactly ≥ 2.0 μg/ml, as recently reviewed [13] . This threshold is still debated [13, 40, 41] , as high levels could be the result and not the cause of AKI [6] . In our study, we purposely assessed trough levels before AKI diagnosis to address this limitation.
There are limited clinical data on the rate of renal recovery from AG-induced AKI [21, 28] . We found that renal recovery, defined by a decrease in serum creatinine to <150% of baseline within 3 weeks after AG cessation, occurred in only 51% of patients. Reviews and animal studies have reported that AG-AKI is reversible within a few weeks [13, 29] . To our knowledge, only 2 other human studies evaluated the rate of renal recovery post AG-AKI. One showed a complete renal recovery in 21 of 27 AKI survivors at hospital discharge; however, renal recovery was not defined [21] . The other study, performed 30 years ago, reported that 16 out of 26 AG-AKI patients had a creatinine level at or below their baseline after 2 months, but the AKI definition was not standardized [28] . One study mentioned a significant reduction in creatinine levels before discharge without further details [17] . Another key finding of our study is that renal recovery does not occur as often as previously reported [29] , at least in those who receive AG for ≥ 5 days.
Risk factors associated with the absence of renal recovery in this population are unknown. Traditional risk factors of absence of renal recovery are older age, female gender and the severity of illness and AKI itself [42] [43] [44] [45] . In our cohort, higher AKI severity and heart failure were associated with a lower likelihood of renal recovery. The finding that cancer patients are more likely to recover their kidney function may reflect their younger age or 'real' renal recovery, but could also be related to a more rapid loss in muscle mass in this population during hospital stay, leading to a falsely low serum creatinine level [46] . This finding could also be related to the concomitant administration of acyclovir, as most cancers (61%) were from hematological origin. Acyclovir is used more commonly in cancer patients and may impair kidney function by precipitating in the renal tubules, a condition usually reversible within a few days [47] .
Our study has several strengths. We included patients from 2 centers with different clinical conditions, increasing the generalizability of our results. In addition, as opposed to large database studies where clinical adjudication of AG nephrotoxicity is impossible [10] , we reviewed all cases and controls to avoid any ascertainment bias. We purposely paired cases and controls by age and gender to allow teasing out other risk factors of nephrotoxicity, and excluded critically ill patients in whom multiple risk factors for AKI often coexist to facilitate the clinical adjudication of AKI cases [19] .
Our study also has limitations. Since all patients required drug and creatinine levels to be included in our study, we could have missed patients with undiagnosed AKI or others where drug levels were not performed. Although this may have slightly lowered the incidence of AG prescription or AG-AKI, It would have been difficult to ascertain the role of other potential risk factors in this population without knowledge of AG levels. We used a modified serum creatinine RIFLE classification to diagnose and stage AKI, as it remains the most validated definition [30] , and for consistency as we used this definition in 2009 when we first reported the patterns of prescription of AG in our centers [48] . We also assessed the incidence of AKI with the Acute Kidney Injury Network and the KDIGO definitions, and we did not identify any new case of AKI using these definitions. Finally, we chose to include patients who received at least 5 days of AG since when we designed the study, there were no published data on the possible nephrotoxicity associated with a single dose of AG [10, 49] . We do not know whether our results apply to patients receiving empiric AG treatment for a few days until culture results become available.
Conclusion
In summary, we showed that despite concerns regarding the resurgence of AG utilization, the frequency of AG administration and dosing decreased over the last decade. Clinicians will therefore have a more limited experience with these agents. The recognition of risk factors associated with AG-AKI is important as they may influence their utilization. In our cohort, high trough levels before 159 AKI ( ≥ 2 μg/ml), heart failure and vancomycin coadministration were independent risk factors associated with AKI. Of note, 2 of these risk factors are potentially preventable. Future recommendations on AG administration may include additional information on modifiable AG-AKI risk factors. Finally, our study expands on prior knowledge by providing insight on the relatively low percentage of complete renal recovery from AG-AKI and by identifying heart failure as a risk factor for both AKI and absence of renal recovery. Further studies are required to better understand the incidence and the predictors of renal recovery following AG-AKI.
